Somatic sex determination in Drosophila depends on the expression of Sex-lethal (Sxl), whose level is determined by the relative number of X chromosomes and sets of autosomes (X:A ratio). The first step in regulation of Sxl expression is transcriptional control from its early promoter and several genes encoding transcription factors of the helix-loop-helix (HLH) family such as daughterless (da), sisterless-b (sis-b), deadpan (dpn) and extramacrochaetae (emc) have been implicated. By the use of transfection assays and in vitro binding experiments, here we show that da/sis-b heterodimers bind several sites on the Sxl early promoter with different affinities and consequently tune the level of active transcription from this promoter. Interestingly, our data indicate that repression by the dpn product of da/sis-b dependent activation results from specific binding of dpn protein to a unique site within the promoter. This contrasts with the mode of emc repression, which inhibits the formation of the da/sis-b heterodimers. These results reveal the molecular mechanisms by which Sxl gene transcription is positively or negatively regulated to control somatic sex determination.
INTRODUCTION
Helix-loop-helix (HLH) proteins compose a growing family of transcriptional regulatory factors that have been shown to play important roles in controlling tissue-specific gene expression (for review, see refs 1,2). Helix-loop-helix proteins can form homodimers or heterodimers with other HLH proteins to bind DNA in a sequence-specific manner. The HLH domain is essential for dimerization and the basic region which presents immediately upstream of the HLH domain is required for specific DNA binding (3, 4) . The consensus binding sites of these basic-HLH proteins follow the sequence motif of CANNTG, which is designated E box (3) . In addition to the typical basic-HLH proteins, HLH proteins lacking the basic region or containing a proline residue in this region have been isolated from both vertebrates and invertebrates (2) . These aberrant HLH proteins have altered or lost DNA binding properties and some of them have been shown to function negatively (5) (6) (7) (8) (9) . Thus, members of the HLH protein family can regulate transcription in both positive and negative manners.
In Drosophila, HLH proteins have been implicated in somatic sex determination as well as neurogenesis (for review, see ref. 2) . In flies, the number of X chromosomes relative to the sets of autosomes (the X: A ratio) is the first signal in the sex determination pathway (10) . This X:A ratio regulates the activity state of a binary switch gene, Sex-lethal (Sxl), which plays a pivotal role in sex determination of somatic cells, including dosage compensation (11, 12) . When the ratio is 1:1, Sxl is active and its gene product acts upon downstream genes to produce females. On the other hand, when the X: A ratio is 1:2, Sxl remains inactive, resulting in male development. The genes responsible for regulation of Sxl expression have been identified by genetic and molecular studies. (16, 17) ] genes, which are necessary for Sxl activation in females, are all located in the X chromosomes. Conversely, deadpan (dpn) which inhibits Sxl activation in males is known to reside in an autosome (18) . In addition, two maternal genes, daughterless [da (11, 13, 14, 19) ] and extramacrochaetae [emc (18) ] provide further positive and negative regulation. Thus, the X:A signal appears to be achieved by the balance between the activators in the X chromosomes, termed as numerators, and the repressors in the autosomes, termed as denominators. The X:A signal controls Sxl expression in conjunction with maternal genes. Several lines of evidence suggested that these genes regulate the activity state of Sxl at the transcriptional level. First, the early Sxl promoter, which is localized further downstream of the late promoter, is active for a short period in early female embryos which coincides with the period when the X: A ratio determines which of the two sexual pathways to follow (20, 21) . Throughout other developmental stages, however, the upstream promoter is active in both sexes but its transcripts produce a functional product only in females by sex-specific splicing (22) (23) (24) . Secondly, all the proteins encoded by the above-mentioned genes have the characteristics of transcriptional regulatory factors; sis-a encodes a basic leucine zipper protein (25) , sis-b (26) and da (27, 28) encode typical basic-HLH proteins and dpn (29) and emc (30, 31) encode aberrant HLH proteins either containing a proline residue in the basic region or lacking this region, respectively. The dimerization and DNA binding domains of the run gene product show similarity with those of putative mammalian and viral transcriptional regulatory factors (32) . Third, these genes are all expressed during the period when the early Sxl promoter is active (16,18,25,33) and furthermore, mutations in some of these genes have been shown to influence transcription from the early Sxl promoter (20, 21) .
It has been shown that the four HLH proteins involved in sex determination also affect neurogenesis. The sis-b gene is identical with the scute (sc) gene, a member of the achaete-scute complex (AS-C) (34) which plays a key role in the development of the central and peripheral nervous systems (35) . The sc gene cooperates with the da gene to activate proneural genes (7) . The da gene is broadly expressed throughout the developmental stages (33) and is known to also participate in oogenesis (36) . The emc gene inhibits da/sis-b dependent activation of transcription by interfering with da/sis-b heterodimer formation (37) . The dpn gene was first isolated during the search for essential neurogenic genes, but its function in neurogenesis still remains to be clarified (29) . Thus, the molecular mechanisms of these genes with an exception of dpn, have been well analyzed in neurogenesis, but not in sex determination.
On the basis of transfection assays in combination with in vitro binding experiments, here we present evidence indicating that the HLH proteins, which contribute to the X: A signal, directly regulate the early Sxl promoter. We found that the da/sis-b heterodimer directly activates the early Sxl promoter by binding to both high and low affinity binding sites. Our data also indicate that the dpn protein represses da/sis-b dependent activation by specific binding to a unique site within the promoter. This differs from the mode of emc repression, which inhibits formation of the da/sis-b heterodimers. Our observations reveal insight into the molecular mechanisms by which Sxl gene transcription is positively or negatively regulated in control of somatic sex determination. p-galactosidase activity 0 50 100
MATERIALS AND METHODS

Plasmid constructions
A genomic clone containing the early Sxl promoter region was isolated from a Drosophila genomic library and subcloned into pSP73 (Promega). The reporter constructs were made by introducing various regions of the early Sxl promoter into a chimeric ADH-lacZ vector, pCaSpeR-AUG-(3gal (38) . For construction of SE3.4K, SE385, SE180, SE83 and SE83 + Q, the regions of the early Sxl promoter were used as indicated in Figure  IB . All fragments were prepared from the subcloned Sxl genomic DNA fragment by restriction enzyme digestion or PCR amplifications. For SE385(AE) and SE298(AE), the promoter fragments were prepared from subcloned plasmid in which the E-box site, ACATC1GC, was substituted to a Sail site, GGTCGACA (the conserved sequences of E-box and Sail site are underlined). For SE83 + E, SE180 + E and SE83 + mE, the fragments containing the wild-type or mutated E box were identical with the oligonucleotides used for the gel retardation assay (see below). These fragments were inserted into the BamHl site located immediately upstream of the promoter fragments in SE83 or SE180, creating SE83 + E, SE180 + E and SE83 + mE. For constructs Sl-Sll, the regions encompassed in this series are indicated in the legend to Figure 2 . These fragments were designed with a BglU site at the 5' end and a BamHl site at 3' end. Three copies of each fragment were inserted in the same orientation into the BamHl site of SE83. For SE83 + E«D, the fragment containing the dpn binding site (D-box), identical with the oligonucleotide used in the gel retardation assay (see below), was inserted into the regenerated BamHl site downstream of the E-box fragment in SE83 + E. The vector used for expression of da, sis-b and dpn products in tissue culture cells was as described previously (39) . To construct the da expression plasmid, the full coding region with additional 6 bp at the upstream side was PCR amplified from da genomic DNA with primers carrying a Sail site at the 5' end and a ffindlll site at the 3' end. The resulting product was excised with Sail and Hindm and inserted into the Sail and HindM digested vector. For the sis-b expression plasmid, an EcoRl fragment from a sis-b genomic DNA clone, pC31/Bll (26), was inserted into the Xbal digested, Klenow blunted vector. The dpn expression plasmid was constructed by PCR-amplification of the protein coding region from dpn cDNA in pBluescript. The 5' end primer contained a Sail site and the 3 end primer a HindUl site. The product was cut with Sail and HindUl and inserted into the SaH-HindUl digested vector.
The bacterial expression plasmids of da and sis-b were constructed from pGEX-3X (Pharmacia). To construct GST-da, the same SaR-HindUl fragment used for the da expression plasmid in tissue culture cells was Klenow blunted and inserted into EcoRl digested and Klenow blunted pGEX-3X. For GST-sis-b, a Vspl-EcoRl fragment of pC31/B11 was blunt-ended with Klenow and inserted into £coRI-Klenow blunted pGEX-3X. The bacterial expression plasmids of dpn and emc were constructed from pMAL-cRI (New England Biolabs). For MBP-dpn, the same Sall-HindUl fragment used for the dpn expression plasmid in tissue culture cells was inserted into Sail and HindUl digested pMAL-cRI. For MBP-emc, the protein coding region with additional 12 bp at the upstream side was PCR amplified from emc cDNA cloned in Bluescript with primers carrying a Sail site at the 5' end and a HindUl site at the 3' end. The product was cut with Sail and HindUl and inserted into the Sall-HindUl digested pMAL-cRI.
Cotransfection assay
Cultivation oiDrvsophila Kc cells and transient transfection assays were performed as described previously (39) . P-galactosidase activity was assayed by the procedure of Edlund and colleagues (41) . For all assays, 2 jig of the luciferase gene expression plasmid was cotransfected as control and luciferase activity was assayed as recommended by the manufacturer (Promega Corporation). The P-galactosidase activity was normalized to luciferase activity to control for variations in transfection efficiency.
Protein expression and purification
Recombinant proteins were expressed in BL21(DE3)pLysS with 1 mM isopropyl-P-D-thiogalactopyranoside (IPTG) for 1 or 2 h at 30 °C. Da and sis-b proteins were individually fused to glutathione 5-transferase (GST) and purified as recommended by the manufacturer (Pharmacia). Emc and dpn proteins were individually fused to maltose-binding protein (MBP) and purified as recommended by the manufacturer (New England Biolabs). All the proteins were dialyzed overnight against the D'K50 buffer [20 mM K + HEPES at pH 7.9, 50 mM KC1, 0.2 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM dithiothreitol (DTT), 0.2 mM 4-amidinophenylmethane-sulfonyl fluoride (APMSF), 10% glycerol] and were quantitated by the protein assay (Biorad Co.).
Gel retardation assay
The probes used in the gel retardation assays were generated by annealing synthesized oligonucleotides and end-labeled with Klenow using [cc- mM NaCl, 1 mM EDTA, 1 mM DTT, 10 % glycerol), 400 ng poly dI:dC and 5 (ig bovine serum albumin (BSA) in addition to the purified proteins. These mixtures were preincubated for 20 min at 25 °C without probe, then 1 jxl of-10 fmol labeled probe was added and incubated for additional 30 min at 25 °C. Immediately after incubation, the mixture (9 u.1) was electrophoresed on a 4 % polyacrylamide gel as described previously (42) . The gel was transferred to Whatman 3MM paper, dried and autoradiographed. In the competition experiments, the competitor oligonucleotides were generated in the same way as the probes except for end-labeling and the amounts indicated in Figure 3B were simultaneously added with the probe to the preincubated reaction mixtures.
DNase I footprinting
Fragments used for DNase I footprinting were obtained by PCR amplification with the primers, 5'-CACGGATCCGCCAC-CCAAGAAAGTACG-3' and 5'-CACGAATTCGAAGGAGG-CAAGGTGCG-3', which were annealed to the complementary strand at 180 bp and to the sense strand at 84 bp upstream of the transcription start site of the early Sxl promoter respectively. To incorporate radioisotope into only one of the strands, one or the other of these primers was end-labeled with T4 polynucleotides kinase using [y-32 P]ATP. The labeled fragments were incubated with or without dpn protein in reaction mixtures containing 10 mM K + HEPES at pH 7.9, 150 mM KC1, 50 mM NaCl, 1 mM MgCl 2 ,1 mM DTT, 10 % glycerol, 400 ng poly dI:dC and 10 u.g BSA. After 30 min at 25 °C, 5 U DNase I (Takara Co.) was added and incubation continued for additional 2 min. The reactions were terminated by addition of an equal volume of the stop buffer [600 mM Na-acetate at pH 7.0, 40 mM EDTA, 1% SDS] and subsequently incubated for 30 min at 37 °C with 80 |ig proteinase K (Merck). Nucleic acids were extracted with an equal volume of phenolxhloroform (1:1), ethanol precipitated, dissolved in 80% formamide, 0.01 N NaOH, 1 mM EDTA, with tracking dyes and heated at 90°C for 3 min. The DNA fragments were separated on a 10% polyacrylamide/8 M urea gel. The gel was transferred to Whatman 3MM paper, dried and autoradiographed. The markers partially cleaved at purine residues were prepared according to the standard techniques as described (43) .
RESULTS
The da and sis-b genes cooperatively activate early Sxl promoter in Drosophila tissue culture cells Among the four HLH genes involved in regulation of Sxl expression, da and sis-b are required for activation of the early Sxl promoter (20, 21) . To address the action of these gene products on the early Sxl promoter, we developed a cotransfection assay system using Drosophila tissue culture cells. The transcription start site of the early Sxl promoter is located between exons 1 and 2, ~5 kb downstream of that of the late promoter (34), (Fig. 1 A, PE and PL, respectively). It has been shown that an ~3 kb region of the early Sxl promoter is sufficient to activate transcription in female embryos (20) . Based on this knowledge, we first constructed a reporter, SE3.4K, which consists of the 3.4 kb region of the early Sxl promoter fused upstream to the lacZ gene (Fig. 1A) and measured (3-galactosidase activity of transfected cell lysates. In addition, we constructed da and sis-b expression plasmids containing the full-length protein coding regions of these genes under the control of the Drosophila heat shock protein 70 gene promoter. When we transfected SE3.4K alone, the P-galactosidase activity was very low, corresponding to the basal level (Fig. IB, SE3.4K) . A slight increase in activity was observed when we transfected SE3.4K with either da or sis-b expression plasmid. However, when SE3.4K was transfected with both da and sis-b, we observed ~25-fold of activity compared with that of SE3.4K alone (Fig. IB, SE3.4K ). Thus, in the presence of both of the da and sis-b products, the early Sxl promoter is efficiently activated in tissue culture cells.
Other sequences in addition to the E box can mediate the da/sis-b effect
In our transfection system, we found that the da/sis-b products could cooperatively activate the early Sxl promoter. To define the sequences responsible for this effect, we introduced deletions from the 5' end of the early Sxl promoter. When we deleted to 385 bp upstream of the transcription start site, the level of transcriptional activity in the presence of da/sis-b remained basically unchanged (Fig. IB, SE385 ). However, activation by da/sis-b was no longer seen when we deleted up to 180 or 83 bp upstream of the transcription start site (Fig. IB, SE180 and SE83) . These results indicate that the region lying between 180 and 385 bp includes important elements necessary for activation by the da/sis-b products. Examination of this region reveals an E-box sequence motif located -240 bp upstream of the transcription start site ( Fig. IB and C) . To determine whether this E box responds to da/sis-b dependent activation, we made a construct, SE385(AE), in which the E box was deleted. When SE385(AE) was transfected with the da and sis-b expression plasmids, the level of transcriptional activity was reduced to one-fourth compared with the original SE385 [ Fig. IB, SE385(AE) ]. In addition, we constructed SE83 + E which contains the E box immediately upstream of the promoter region of SE83. Although SE83 showed no promoter activity even in the presence of the da/sis-b products (Fig. IB, SE83) , transcriptional induction by da/sis-b could be clearly observed in SE83 + E (Fig. IB, SE83 + E). Such induction was not observed when a mutated E box (Fig.  1C ) was fused to SE83 (Fig. IB, SE83 + mE) . These results indicate that the E box can support da/sis-b dependent activation of the early Sxl promoter. We showed that this E-box sequence is directly recognized by the da/sis-b proteins by means of gel retardation assays. Using the E-box sequence as a probe, we could detect a slowly migrating band in the presence of both da and sis-b proteins (Fig. 3A, lane 2 and B, lane 1) . This band could not be detected when the probe containing the mutated E-box sequence was employed (Fig. 3B, lane 4) . These results strongly suggest that the da/sis-b products directly activate the early Sxl promoter by binding to the E box.
Deletion of the E box from the SE385 construct reduced the promoter activity in the presence of the da/sis-b products, but did not completely abolish the induced transcriptional activation [ Fig. IB, SE385(AE) ]. This indicates that other elements within the 385 bp promoter region also modulate the da/sis-b interaction. When we fused the region between 385 and 281 bp upstream of the transcription start site to the promoter region of SE83, which lacks the E-box sequence, partial recovery of da/sis-b induced transcriptional activation is seen (Fig. IB, SE83 + Q) . To further define the critical elements, we divided the region between 385 and 281 bp into 11 fragments ( Fig. 2A) and examined which region was responsible for the da/sis-b effect. For this assay, we inserted three copies of each fragment immediately upstream of the promoter region of SE83. Only S3 and S6 were found to have the ability to confer transcriptional activation in the presence of the da/sis-b products (Fig. 2B) . However, the degree of activity induced by three copies of either S3 or S6 is comparable to that by only one copy of the E box (compare S3 and S6 in Fig. 2B with SE83 + E in Fig. IB) , suggesting that the potential of these two fragments is inferior to that of the E box. The exact sequences responsible for the da/sis-b effect are yet to be resolved, but analyses of both fragments reveal E-box-like motifs (see Discussion). To verify the ability of the da/sis-b proteins to bind to these two fragments, we performed in vitro competition experiments using gel retardation assays and found that when the E box probe was used, the da/sis-b binding complex could be progressively competed out by increasing amounts of the S3 fragment (Fig.  3 A, lanes 6-8) . However, the E-box fragment itself competed out the complex more efficiently (lanes 3-5) . The S6 fragment was also able to compete, but with less efficiency than the S3 fragment (lanes 9-11). Neither the mutated E-box nor the S2 fragment had the ability to compete out the bound da/sis-b-E-box complex (Fig.  3A, lanes 12-14) or to mediate da/sis-b transactivation (Figs IB and 2B, respectively). Furthermore, gel retardation experiments showed that da/sis-b proteins could bind to both the S3 and S6 fragments, although with lesser efficiencies than to the E box (Fig.  3B, lanes 1-3) . Control experiments showed that da/sis-b could not bind to either the mutated E-box or the S2 fragment (lanes 4 and 5). Thus, in addition to the E box, we found that two other elements are directly recognized by the da/sis-b proteins, albeit with weaker affinities. These results indicate that the ability of the da/sis-b product to activate the promoter may be regulated by its different affinities for each of these elements.
Dpn product acts as a repressor of the early Sxl promoter by direct binding to a specific site
Genetic and molecular studies have suggested that dpn represses the Sxl expression in males (18) . We verified the possibility that this dpn repression occurs at the early Sxl promoter by means of transfection assays. We found that when we transfected SE3.4K (schematically represented in Fig. 1A ) with increasing amounts of dpn expression plasmid, transcriptional activation was severely reduced even in the presence of the da/sis-b products (Fig. 4 A) . Thus, dpn efficiently represses da/sis-b dependent activation of the early Sxl promoter in tissue culture cells.
It has been shown that the emc protein titrates the binding of the da/sis-b heterodimer to the E-box sequence in the promoter of the acute (ac) gene, one of the proneural genes (7, 37) . Figure 5 shows that emc protein can also titrate the binding of da/sis-b proteins to the E box of the early Sxl promoter. In gel retardation assays using the E box of the early Sxl promoter as a probe, the addition of increasing amounts of emc protein progressively diminishes the band corresponding to the da/sis-b complex (Fig. 5, lanes  3-6) . On the contrary, equivalent amounts of dpn protein and MBP could not titrate the da/sis-b complex (lanes 7-10). Furthermore, in gel retardation assays we found that the dpn protein could not bind to the E-box probe (Fig. 6C, lanes 1 and  2) . Thus, although dpn could repress da/sis-b dependent activation of the early Sxl promoter, it was not able to inhibit binding of da/sis-b proteins to the E box by titrating or competing for thenbinding sites. Consistent with these properties, dpn could not repress transcription from SE83 + E, which contains only the 83 bp promoter region and the E box. When we transfected SE83 + E with dpn expression plasmid in the presence of both da and sis-b expression plasmids, the level of activation was not inhibited, even with large amounts of dpn expression plasmid (Fig. 4B,  SE83 + E) . These findings suggest that the dpn product requires some sequences in addition to the E box to repress da/sis-b dependent activation. When we used SE180 + E which contains the 180 bp region and the E box of the early Sxl promoter as the reporter construct, transcription was efficiently repressed by dpn (Fig. 4B, SE180 + E) . This observation indicates that the region between 180 and 84 bp upstream of the start site, present in SE180 + E but not in SE83 + E, contains the sequence which is necessary for dpn-mediated repression. To confirm this possibility, we performed DNase I footprinting on this region. Figure 6 shows that widely spread regions are clearly protected in both sense and complementary strands, depending on dpn protein (Fig. 6B) . These protected regions are located between 122 and 93 bp upstream of the transcription start site (Fig. 6A) . The binding of dpn protein to this region could also be detected by gel retardation assays. When the fragment containing the promoter region between 125 and 91 bp, designated D box, was used as a probe, a slowly migrating band was observed depending on dpn protein (Fig. 6C, lanes 3 and 4) . However, no binding complex was observed with E-box probe (lanes 1 and 2) . Thus, dpn protein has the ability to bind to a specific site(s) in the early Sxl promoter. To examine whether this dpn binding site is actually involved in repression, we made a construct, SE83 + E«D, in which the dpn binding site was inserted downstream of the E box of SE83 + E. Cotransfection of SE83 + E»D with dpn, in the presence of da and sis-b, results in efficient repression of da/sis-b mediated activation (Fig. 4B, SE83 + E»D) . These results indicate that dpn represses da/sis-b dependent activation directly by site-specific binding to the early Sxl promoter.
DISCUSSION
Genetic and molecular studies have identified the genes involved in the X: A signal and suggested that these genes regulate the early Sxl promoter. In this paper, by use of a combination of transfection assays and in vitro binding experiments, we were able to obtain new insight into the action of the genes encoding HLH proteins on the regulation of the early Sxl promoter.
Regulation of the early Sxl promoter by positive and negative HLH proteins
Among the genes involved in the X: A signal, da and sis-b encode typical basic HLH proteins. It has been shown that, during neurogenesis, these proteins form heterodimers (40) and cooperatively activate the ac promoter by binding to the E-box sequences (7) . Here, we show that the da/sis-b products directly activate the early Sxl promoter not only by binding to the E box, but also to other lower affinity sites. On the other hand, dpn encodes an aberrant HLH protein with a proline residue in the basic region (29) and has been shown to repress Sxl expression in males (18) . Consistent with this observation, we showed that the dpn product represses the da/sis-b dependent activation of the early Sxl promoter. Furthermore, this mechanism of repression differs from that of the emc protein, which has been shown to titrate the da/sis-b heterodimer (7, 37) . We showed that the dpn product acts as a direct repressor that binds to a specific site. Thus, these positive-and negative-acting HLH proteins regulate the activity of the early Sxl promoter.
Activation dependent on da/sis-b products
Recently, Estes and colleagues showed that the 1.4 kb promoter region is required for full activation of the early Sxl promoter in female embryos (21) . In female embryos, not only the da/sis-b products but also other activators including sis-a and run products are necessary for activation of the early Sxl promoter. However, it was suggested that an element located within the 400 bp promoter region plays an essential role for female-specific activation. Consistent with this notion, activation mediated by the 400 bp promoter region is severely impaired by sis-b mutation. Our transfection assays showed the ability of the da/sis-b products to activate transcription from the 385 bp region of the early Sxl promoter as efficiently as the 3.4 kb promoter region. Thus, these observations point to the importance of elements located within the 385 bp promoter region for the da/sis-b mediated transcriptional activation. Analysis of the nucleotide sequence revealed only one E box located within this region. We showed that this E box is in fact important for da/sis-b dependent activation of the promoter in tissue culture cells, and that the da/sis-b protein complex does bind efficiently to the E box in vitro. This supports the idea that the da/sis-b heterodimers act as transcriptional activators by direct binding to the E box. This was also suggested recently in the case of the ac gene promoter (7) .
An interesting observation is that despite the absence of the exact E-box sequence, two other subregions can contribute to the da/sis-b dependent activation to some extent. These two regions encode E-box related sequences (GCAGCTTGC). which differ from the E-box motif (CANNTG) by an insertion in the internal spacer. Since the CANNNTG motif can stand as a minor binding site for other HLH proteins (44) , the da/sis-b heterodimers may be able to interact with this sequence albeit with low efficiency. Alternatively, other factors may be involved in more efficient recognition of this sequence-in vivo as suggested by Thayer and Weintraub, who have shown that the DNA-binding affinity of MyoD/E47 heterodimers is stimulated by a cellular factor (45) . At present, the molecular mechanisms underlying this observation are not fully elucidated. However, our finding may provide some clues to better understanding of the dosage effect of X chromosomes in controlling the Sxl promoter activity.
Dpn product as a repressor
Our results indicated that like emc, the dpn protein can repress da/sis-b dependent activation of the promoter, although the molecular mechanism of this repression is very different. The emc repression occurs by inhibition of the da/sis-b heterodimer, most likely by competitive heterodimeric interaction with either da or sis-b protein (37) . The absence of the basic DNA binding region in emc protein may render the resulting heterodimer transcriptionally non-functional. Dpn protein, on the other hand, has been shown in our assays to bind to DNA in a sequence-specific manner which differs from other basic-HLH proteins. Dpn protein does not bind to the E box, but instead recognizes other sequences. This difference in the binding specificity is probably due to the inclusion of a proline residue in the basic region of dpn protein. Indeed it has been shown that with other proline-containing basic-HLH proteins, the DNA binding specificity differs from typical basic-HLH proteins (6) . It has recently been shown that the Drosophila hairy protein, which is closely related to dpn protein, also exhibits specific DNA binding, resulting in direct repression of transcription of the ac gene (8, 9) . Thus, specific DNA binding and transcriptional repression seem to be the general properties of proline-containing basic-HLH proteins.
Regulation of the early Sxl promoter in sex determination
During sex determination in flies, the X: A ratio controls the activity of the early Sxl promoter. This promoter is active in female embryos but remains inactive in males. How are these different states achieved between sexes? Although the HLH proteins involved in sex determination have not been well quantitated in embryos, the maternal factors, da and emc, and the zygotic autosome-linked dpn appear to be equally present in both sexes. In contrast, the sis-b gene is located in two X chromosomes in females, but only one in males. Thus, the amount of sis-b product would be different between females and males. This difference in the amount of sis-b protein may result in different levels of active da/sis-b heterodimeric complexes. The repression by emc and dpn may further modulate da/sis-b mediated activation of the early Sxl promoter, especially in male embryos which have lower concentrations of sis-b product. As a consequence, sufficient levels of active da/sis-b complex necessary for promoter activation may be present only in females. This does not rule out the possibility of other gene products (i.e. sis-a and run) to interact with these HLH proteins for more precise regulation of sex-specific determination. Further analyses using cell lines in combination with transgenic flies will undoubtedly reveal more precise mechanisms of early Sxl promoter regulation during sex determination.
